The formation of AMP and 2 inorganic phosphates as ATP hydrolysis products is unprecedented for all other carboxylase reactions known.
For both bacteria, the genes encoding the acetone carboxylase subunits are arranged in operons consisting of the genes acxABC, which encode the beta, alpha, and gamma subunits of the enzyme, respectively (24) . While the amino acid sequences of the three subunits share very high identity with each other (70 -84%), they are not homologous to any other carboxylases, including Rubisco and the biotin-dependent carboxylases (24) . In fact, the only enzymes that share significant identity with acetone carboxylase are hydantoinases, which show 15-30% identity with the α and β subunits of acetone carboxylase (24) . The gamma subunit of acetone carboxylase does not share significant identity with any known enzyme.
Together, the biochemical, kinetic and molecular properties of acetone carboxylase suggest that it represents a fundamentally new class of carboxylase enzyme. Acetone carboxylation is thermodynamically unfavorable, and, not surprisingly, the reverse reaction, acetoacetate decarboxylation, occurs spontaneously in aqueous solution. One of the first enzymes to be studied in detail mechanistically was acetoacetate decarboxylase, which accelerates the spontaneous decomposition of acetoacetate to acetone and CO 2 (25) .
Acetoacetate decarboxylase does not share homology with acetone carboxylase, does not require a nucleotide cofactor, and is not capable of catalyzing the carboxylation of acetone. Thus, acetone carboxylation and acetoacetate decarboxylation are not freely reversible reactions and require distinctive strategies of catalysis. Given the lack of precedents for the acetone carboxylase reaction, we have begun to examine the cofactor requirements of the enzyme in order to gain insights into the catalytic mechanism. Particularly intriguing is the presence of significant quantities of manganese in the purified enzyme. Manganese is a cofactor for a number of enzymes, but rarely remains tightly bound and associated with enzymes during purification. In the present study, the possible role of manganese in acetone carboxylase has been probed by a combination of physiological, biochemical, and spectroscopic studies. The results demonstrate that manganese is a required and stoichiometric cofactor of acetone carboxylase, and provide insights into the nature of the manganese center and possible roles of the metal ion in catalysis.
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Experimental Procedures
Media, Growth of Bacteria and Preparation of Cell Extracts-Rhodobacter capsulatus
strain B10 (ATCC 33303) (26) was grown photoheterotrophically at 30°C using the media and growth conditions described previously (24) , with the following modifications. Concentrated stock solutions of media components, minus divalent metal salts, were passed over a column (5 x 100 cm) of Chelex-100 resin (Bio-Rad) to deplete the media of adventitious metals. All glassware was washed with 1 M HNO 3 prior to use. The appropriate metal salts were then added to complete the media. Where indicated, manganese was either omitted or included in the media formulation. Large scale cultivations were performed in a 45-liter capacity illuminated glass vessel as described previously (24) . For small scale cultivation, cultures were grown in a controlled temperature incubator with illumination provided by a combination of 15 watt fluorescent and 60 watt incandescent light bulbs. The cultures were grown in glass tubes (15 ml) sealed with red rubber stoppers (13 x 20 mm sleeve). The carbon sources for growth were acetone (40 mM) and/or malic acid (30 mM), and the source of inoculant was a late-log phase culture of cells grown on the same medium. The optical density of the cultures was determined using a Klett-Summerson Photoelectric Colorimeter. The Klett Colorimeter was standardized relative to a Shimadzu model UV-160 spectrophotometer for the conversion of Klett readings to absorbance values at 600 nm.
Cultures grown in the 45 liter fermenter were harvested after reaching A 600 values between 2.5 and 4.0 using an A/G Technologies polysulfone membrane cartridge filtration system. Concentrated cell suspensions were pelleted by centrifugation, washed once with 50 mM potassium phosphate buffer (pH 7.2), repelleted, and stored at -80ºC. Frozen cell paste was resuspended in an equal volume of buffer A (25mM MOPS pH 7.6, 1mM dithiothreitol, 5% 8 glycerol) containing DNase I (0.03 mg/ml). Cell suspensions were passed three times through a chilled French pressure cell at 110,000 kPa and 4ºC. Cell lysates were clarified by centrifugation (105,000 X g for 1 h at 4ºC).
Purification of enzymes and protein characterization. Acetone carboxylase was purified as described previously (24) . For purification of acetone carboxylase from manganese-depleted cultures, all buffers were treated with Chelex, and glassware washed with HNO 3 as described above. EDTA (1 mM) was included in the buffers for purification of manganese-depleted acetone carboxylase.
SDS/PAGE (12% T, 2.7% C running gel) was performed in a Mini-Protean II apparatus (Bio-Rad) following the Laemmli procedure (27 Immunoblot analysis was conducted by electrophoretically transferring proteins from SDS-PAGE gels onto a polyvinylidene difluoride membrane. The membrane was incubated with polyclonal antiserum raised against purified acetone carboxylase. Cross-reacting proteins were visualized using horse radish peroxidase (HRP) conjugated to goat anti-rabbit immunoglobulin G (Promega).
Acetone carboxylase assays. All assay buffers and glassware were depleted of trace metals as described above. Acetone carboxylase activity in purified protein samples was determined using gas chromatography as described previously (24, 28 For EPR analysis of purified proteins, samples were treated with Chelex-100 followed by centrifugation (1000x g) and decanting to remove the Chelex resin. Nucleotides, acetone, and other molecules were added to appropriate samples, followed by evacuation, flushing and transfer to degassed EPR tubes as described above.
Temperature dependence of EPR Signals. Spectra were recorded at different temperatures using the conditions described above, except that the power was lowered to an 10 optimal nonsaturating value (0.1 mW). The relative peak heights for each signal were plotted vs.
temperature, and the data were fit to Curie law 1/T dependence according to Eq. 2:
For this equation, S is the EPR signal intensity, k is an arbitrary constant, T is temperature in Kelvin, and x is a correction factor. The variations in constants were 3.1 to 4.0 for k and 0.11 to 0.35 for x.
Analytical procedures: Protein concentrations were determined by means of a modified Biuret assay (29) . Metal contents of protein samples were determined by ICP-MS at the Utah State University Veterinary Diagnostics Laboratory. All samples were treated with Chelex-100 as described above prior to performing metal analysis. In contrast to the results described above, there was little, if any, effect of manganese depletion on growth of R. capsulatus with malate as the carbon source, both in terms of doubling time and final cell density ( Figure 1 ). Additionally, manganese-depleted, malate-grown cells could be subcultured repeatedly on media lacking manganese with no apparent effect on growth rates or yields. Thus, manganese is required for optimal acetone-dependent, but not malatedependent, growth of R. capsulatus.
RESULTS
Manganese
Acetone carboxylase is synthesized in manganese-depleted, malate-grown cells. R.
capsulatus cells were grown with malate as the carbon source for several generations in the absence of manganese. As shown in Figure 2 , acetone carboxylase was not synthesized under these growth conditions. Upon addition of acetone to the culture, acetone carboxylase was induced and synthesized at very high levels, despite the presence of malate and absence of added manganese in the growth medium. Thus, acetone carboxylase is inducible in R. capsulatus, not subject to negative regulation by the absence of manganese, and not subject to catabolite repression. These results are consistent with the previous observation that R. capsulatus acxABC is under the apparent control of a sigma70-dependent transcriptional activator acxR (24) . Optimal growth conditions result in stoichiometric manganese in acetone carboxylase.
Correlation of acetone-dependent growth with increased intracellular
As noted above, the growth medium used to culture R. capsulatus contains 0. The preparation from manganese-depleted cells had very low manganese content and corresponding low specific activity (Table 1) . At the same time, the iron content of the preparation was increased dramatically, suggesting that iron may associate with the enzyme in the absence of manganese. The low activity of this enzyme form indicates that iron is not able to substitute effectively for manganese in catalysis. Collectively, the results presented in Table 1 indicate that manganese is a stoichiometric and catalytic cofactor for acetone carboxylase. Acetone carboxylase is colorless, and the addition of sodium dithionite to the enzyme had no effect on the EPR spectrum (data not shown). This indicates that the manganese is divalent and probably does not have a redox role in acetone carboxylation (42) .
The effect of increased temperature on the EPR of acetone carboxylase is shown in Figure 5 . Several new features appear at the higher temperature, the most notable being the twin peaks seen at g=2.3 (2990 G) and g=2.2 (3077 G). In the 5K spectrum, these distinct peaks can not be seen, but small shoulders are visible at similar g values. In the 31K spectrum the very low site (43). Thus, the appearance of these new features in acetone carboxylase at higher temperature provides further evidence that the g = 2 signal may arise from coupled manganese (II) centers. No additional hyperfine splitting can be seen in the higher temperature spectrum.
Finally, the g=2 signal appears more isotropic at higher temperature.
A more detailed study of the temperature dependence of the EPR signal intensities was in some changes in the EPR spectra, while the addition of ADP, AMP or magnesium ion alone provided no noticeable differences (Figures 6 and 7) . However, the simultaneous addition of magnesium and nucleoside phosphates resulted in dramatic changes in the EPR of acetone carboxylase (Figures 6 and 7) . It should be noted that magnesium ion is required for acetone carboxylation, presumably by complexing with ATP to provide the active form of the nucleotide used (23).
The most profound difference in the EPR is seen upon addition of Mg ·AMP, the hydrolysis product of ATP formed during catalysis (see Equation 1 ). Specifically, a large increase in intensity is seen in the g = 2 region of the spectrum (Figures 6 and 7) . At the same time, a large decrease in the g =10.2 and 4.8 hyperfine signals is seen, along with the disappearance of the peaks at g=3.1 and 23.7 ( Figures 6 and 7 ).
The addition of ATP alone (without Mg
2+
) resulted in the disappearance of the broad peak at g=23.7 and the formation of a fourth signal downfield at g=71.5 (143 G) which displayed
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DISCUSSION
Our understanding of microbial acetone metabolism was advanced greatly by the purification, characterization, and genetic analysis of acetone carboxylases from two acetoneutilizing bacteria (23, 24) . These studies revealed that acetone metabolism in both aerobes and anaerobes involves carboxylation, and that the key enzyme of this process, acetone carboxylase, is a conserved enzyme. Acetone carboxylase itself, however, is a largely enigmatic enzyme. The enzyme requires ATP, yet does not use biotin, as do most other ATP-dependent carboxylases (44) . Additionally, acetone carboxylation occurs with the unprecedented hydrolysis of two rather than one phosphodiester bonds, in the process forming AMP and inorganic phosphate as products (23, 24) . Acetone carboxylase does not share sequence homology with the biotindependent carboxylases, Rubisco, or enzymes catalyzing reactions bearing similarities to acetone carboxylation, including PEP carboxylase, PEP carboxykinase, and pyruvate kinase (24) . Thus, acetone carboxylase appears to be representative of a new class of carboxylases employing a fundamentally different strategy to facilitate substrate carboxylation. Recent work has suggested that a similar type of enzyme may be involved in the metabolism of acetophenone (methylphenylketone) in ethylbenzene-degrading bacteria (45) .
The present work provides evidence that acetone carboxylase is a manganese-dependent enzyme. Significantly, manganese remains tightly bound to the enzyme through purification, is not removed by metal chelators, and is present in stoichiometric amounts in enzyme preparations isolated from cells cultured with 50 µM MnCl 2 in the media (Table 1) . Thus, manganese is best viewed as an integral cofactor of the enzyme rather than a dissociable metal ion required for catalysis. This is in contrast to the situation for most manganese-dependent enzymes, where manganese is lost during enzyme purification and must be added back to restore enzymatic 20 activity (46) . In general, manganese (II) is viewed as a labile metal ion due to the thermodynamic instability of its complexes with amino acid side chains, and it's affinity for water in forming Mn(H 2 O) 6 2+ (46). It is thus both intriguing and significant that, in acetone carboxylase, manganese is bound so tightly.
For many enzymes that require a divalent metal ion, in particular nucleoside triphosphate-dependent enzymes such as pyruvate kinase, creatine kinase, and PEP carboxykinase, manganese and magnesium ion are able to function interchangeably with little or no effect on activity (46) . In the case of acetone carboxylase, magnesium ion is required as an additional exogenous cofactor. The evidence suggests that magnesium ion is required for the formation of the Mg ·ATP complex, the active form of ATP in the assay (23) . Since manganese is tightly bound while magnesium must be added with ATP, the two metal ions are obviously distinct cofactors with different roles in catalysis. It should be noted as well that acetone carboxylase activity is also stimulated by the presence of a monovalent ion, e.g. potassium or ammonium, and potassium ion is included in activity assays for this reason.
The X-Band EPR of the resting enzyme shows spectral features very similar to those observed for other manganese (II)-dependent or manganese (II)-substituted enzymes (31, 34, 37, 41, 42, (47) (48) (49) (50) . At present, it is unclear from the EPR whether manganese is present in a mononuclear site, a dinuclear site, or two closely associated mononuclear centers, perhaps bridged by a permanent or dissociable ligand. The subunit structure of acetone carboxylase is α 2 β 2 γ 2 , and the optimal manganese stoichiometry is 1.9 Mn/ α 2 β 2 γ 2 multimer. It is tempting to speculate that acetone carboxylase is separated into two catalytic αβγ protomeric units, each with a distinct active site. In this case, each site would be expected to contain a single mononuclear Thus, there are two manganese sites in bacteriophage λ protein phosphatase: a higher affinity site forming the mononuclear cluster, and a lower affinity site that binds an additional manganese to form the dinuclear site (31). It should be noted that this phosphatase will use other metal ions, including nickel (II) in place of manganese, and that manganese does not associate with the enzyme throughout purification (51, 52) . Similarly, arginase is inactive as isolated, and is activated by manganese and other metal ions, in the process forming a dinuclear cluster (35) . In the case of acetone carboxylase, the enzyme is fully active as isolated from cells grown with 50
µM A second phosphate may be involved in activating bicarbonate to carboxyphosphate, although this would need to be done in the absence of biotin. These possible roles of ATP hydrolysis in acetone carboxylation are purely speculative at present. The observation that the magnesium complexes of ATP, ADP, and AMP perturb the coordination environment of manganese in acetone carboxylase is nevertheless significant, in that it suggests manganese plays a role in nucleotide activation rather than some other aspect(s) of catalysis. Figure 1) . Boyd et al., Figure 1 p. 31
